Abstract Exercise significantly activates the sympathetic nervous system. Sympathetic activation during exercise is governed by both central command and muscle reflex mechanisms (i.e., muscle metabo-and mechano-reflexes), which modulate arterial vascular responses to exercise. Although many studies have reported that exercise causes sympathetic venoconstriction, none have investigated whether both central command and muscle reflex mechanisms also contribute to regulate venous vascular responses to exercise. Therefore, using ultrasound technique, we assessed changes in the cross-sectional area of the superficial vein in the resting limb as an index of venoconstriction during static exercise with and without tendon vibration, and during the post-exercise recovery period with and without muscle ischemia. We found that both central command and the muscle metaboreflex play an important role in regulating the venous vascular system as observed in the arterial vascular system.
Introduction
Venoconstriction means active venous constriction, which in early studies was assessed by a rise in intravenous pressure [1] [2] [3] [4] [5] [6] or venous volume 1, 2, [7] [8] . In these studies, venoconstriction in the resting limb occurred during static 4, 6) and dynamic 1, 2, 5, 8) exercise, with increases in constriction dependent on the amplitude of exercise intensity 2) . In line with these studies, anatomical investigations demonstrated that veins, especially the superficial and mesenteric veins, are innervated by α-adrenergic fibers [9] [10] [11] . Human physiological data also showed that, because sympathectomy 2) and α-blocking agents 4) clearly abolish significant venoconstriction during exercise, exercise-induced sympathetic activation mediates resting limb venoconstriction 1, 2, [4] [5] [6] [7] [8] . However, these early studies did not explain how sympathetic activation during exercise was linked to venoconstriction in the resting limb.
Two widely accepted neural mechanisms responsible for arterial vascular adjustments to exercise are the "exercise reflex" arising from contracting skeletal muscle (muscle metaboreflex and muscle mechanoreflex) and "central command" originating from higher brain centers. These mechanisms are essential for redistributing cardiac output to peripheral tissues during exercise and for maintaining homeostasis in arterial blood pressure [12] [13] [14] [15] [16] [17] [18] . Because venous return is a predominant determinant of cardiac output and, thus, important for the maintenance of arterial blood pressure during exercise [19] [20] [21] , we reasoned that both mechanisms (exercise reflexes and central command) contribute to regulating venous vascular adjustments during exercise. Therefore, this review focuses on the assumption that both muscle reflex and central command mechanisms contribute to the regulation of venoconstriction in the resting limb during exercise.
Contribution of muscle metaboreflex to venoconstriction
In an animal study, Sheriff et al. 22) reported that muscle metaboreflex activation evoked splanchnic vasoconstriction and venoconstriction. By using venous occlusion plethysmography, similar results were obtained in humans. Duprez et al. 7) found that blood volume significantly decreased in the contralateral resting forearm during post-exercise muscle ischemia (PEMI) immediately after a rhythmic handgrip exercise, indicating the essential role of the muscle metaboreflex in venous constriction in the resting limb. However, because blood volume measured by plethysmography includes both venous and arterial constriction, re-investigating venoconstriction in a single vein during exercise was needed. Using ultrasound technique, Ooue et al. 23) assessed changes in the cross-sectional area (CSA) of the superficial basilic vein under constant venous pressure (50 mmHg), which was *Correspondence: sadamoto@jwcpe. (Fig. 1) , and consequently reported significant venoconstriction during PEMI. The CSA during PEMI was sustained at a significantly lower level whereas the CSA in the control condition (no PEMI) returned to pre-exercise baseline (Fig. 2-A) . These results suggested that muscle metaboreflex plays an important role in the control of venoconstriction via sympathetic excitation. On the contrary, our study suggested that the muscle mechanoreflex was not predominantly involved in the control of venoconstriction because the identical force developed during static exercise did not always produce the same amplitude of venoconstriction (see section below and Fig. 2-B) .
Contribution of central command to venoconstriction
The contribution of central command in humans has been evaluated from the anticipatory responses before exercise or the responses during actual exercise with the tendon vibration method. Lorentsen 4) found a significant rise in venous pressure before the onset of exercise in the contralateral limb, and reported that central command plays an important role in venoconstriction during the anticipatory phase. To our knowledge, among past studies, only Lorentsen's report has referred to the role of central command in venoconstriction. However, because this report did not examine the influence of central command during "actual" exercise, Ooue et al. 24) evaluated the influence of central command on venoconstriction of the superficial vein during static elbow flexion using tendon vibration technique. Tendon vibration during active muscle contraction excites the primary afferents of muscle spindles of the contracting muscle, thereby inducing reflex tension via the monosynaptic tendon reflex, which Static elbow flexion Recovery in turn aids voluntary tension development and, consequently, reduces the amount of central command required to generate a given force [25] [26] [27] . Ooue's study found CSA decreased more significantly during static elbow flexion alone (EX) than during static elbow flexion with tendon vibration (EX+VIB) (Fig. 2-B) , indicating the important role of central command in venoconstriction during actual exercise.
Conclusion
Taken together, the muscle metaboreflex and central command play an important role in regulating the venous vascular system as observed in the arterial vascular system. Further investigation should be carried out in different veins and in different modes of exercise to offer a better understanding of venous vascular adjustments to exercise.
